A series of memantine nitrate derivatives, as dual functional compounds with neuroprotective and vasodilatory activity for neurodegenerative diseases, was designed and synthesized. These compounds combined the memantine skeleton and a nitrate moiety, and thus inhibited the N-methyl-D-aspartic acid receptor and released NO in the central nervous system. The biological evaluation results revealed that the new memantine nitrates were effective in protecting neurons against glutamate-induced injury in vitro.
Introduction
N-Methyl-D-aspartic acid (NMDA) receptors, a subtype of glutamate receptor, play a crucial role in regulating a broad spectrum of processes in the central neuron system (CNS).
1,2 Under pathological conditions, the presence of excessive glutamate overstimulates the NMDA receptors, resulting in extensive cell damage, 2, 3 and leads to a number of chronic neurodegenerative disorders, such as Alzheimer's disease, Parkinson's disease, vascular dementia (VaD) etc.
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Memantine (1-amino-3,5-dimethyladamantane, Fig. 1 ) is an open-channel, uncompetitive NMDA receptor blocker with low affinity, high voltage dependence and fast receptor kinetics. [8] [9] [10] Memantine rapidly penetrates into the brain to bind to NMDA receptors and block the subsequent influx of calcium, affording neuronal protection. [10] [11] [12] Memantine is well tolerated clinically and has been approved as a treatment for moderate to severe Alzheimer's disease around the world. 13 Recently, memantine was reported to reduce the blood supply of the brain possibly through non-specific blocking of the nicotinic acetylcholine receptors in the CNS. 14 This property of memantine may decrease its clinical efficacy since some CNS disorders, such as ischemic stroke and VaD, are characterized by reduced cerebral blood flow (CBF). Nitric oxide (NO), a second messenger with high reactivity, plays an important role in the cardio-cerebrovascular system. It also participates in maintaining the normal function of the CNS and regulating neuronal death. 15 Physiological concentrations of NO elicit anti-apoptotic/pro-survival effects against various neurotoxic challenges and brain insults through multiple mechanisms. [16] [17] [18] It has been reported that NO donors, such as nitroglycerin, significantly reduce NMDA-induced neurotoxicity in cortical cultures and in vivo. 18, 19 Although nitroglycerin confers neuroprotective effects, it is not an ideal neuroprotectant because of its systematic release of NO in peripheral blood vessels, resulting in a high risk of hypotension. NO donors which release NO targeting brain tissue have great potential for the treatment of vascular neurodegenerative disease. Based on these findings, Wang et al. have previously designed and synthesized a number of memantine nitrates to increase the neuroprotective effects of memantine and to avoid the peripheral hypotensive effects of traditional NO donors. 20 Their stability in serum, electrophysiological properties and effects on blood vessels were characterized. 20 It was found that memantine nitrates exerted a dual inhibitory effect on NMDA receptors, i.e., an open-channel blockage of the NMDA receptor by the memantine moiety and inhibition via S-nitrosylation by NO released from the nitrate group. Further study demonstrated that the memantine moiety was able to target NO to NMDA receptors in brain tissue, and thus reduced the risk of hypotension. 21 Among the memantine nitrates, YQW-036, bearing two ethyl side groups, was extensively studied. YQW-036 displayed improved efficacy and safety in an animal model of cerebral ischemia. 21 Although these memantine nitrates exert a dual inhibitory effect on NMDA receptors, they didn't display stronger activity than memantine for the inhibition of the NMDA current and have short half-lives. 20 To find compounds with improved stability and better efficacy, in the current study, a series of new memantine nitrates were designed and synthesized (Fig. 1) . The structure-activity relationships of the compounds were analyzed. Their neuroprotective and vasodilating effects were also investigated in vitro.
Results and discussion

Rational drug design and synthesis
The significant characteristics of previously synthesized memantine nitrates are that the nitrate group was introduced at the 7-position of the amantadine skeleton, and the hydrogens at the 3-and 5-positions were substituted with methyl, ethyl or propyl groups (Fig. 1 ). Previous studies of memantine distribution and its binding to the receptor have revealed that: (1) the free amino group is essential both for memantine to penetrate the blood-brain barrier 22, 23 and for it to bind to the receptors; 24, 25 (2) the hydrophobic group(s) on the 3-or (and) 5-positionĲs) of the memantine skeleton increaseĲs) its binding affinity for the NMDA receptors and decreaseĲs) its hydrophilicity. 25 Based on these findings, the free amino group at the 1-position and the hydrogen at the 7-position of the memantine skeleton were preserved in the new memantine nitrates (Fig. 1) . The modifications of the memantine skeleton were conducted on the 3-or (and) 5-positionĲs). The side group on the 3-position of memantine varied from a methyl to a propyl group. The nitrate moiety was introduced on the 5-position of the memantine skeleton.
The length of the carbon chain linking the nitrate group and the memantine skeleton varied from 0-3. In addition, the new compounds may have improved plasma stability due to the replacement of a tertiary nitrate with a primary one. We also wondered whether increasing the number of nitrate groups would provide additional vasodilating and neuroprotective effects, and thus memantine derivatives MN-12-MN-16, armed with two nitrate groups, were designed and synthesized.
Compounds MN-01-MN-03 were prepared as illustrated in Scheme 1. The commercially available corresponding precursors were brominated with Br 2 and then underwent the Ritter reaction to afford the respective acetamides 7-9. A hydroxyl group was introduced on compounds 7-9 to afford compounds 10-12. The amide groups of compounds 10-12 were hydrolyzed and the resulting amino groups were N-BOC protected to give compounds 13-15. Compounds 13-15 were nitrated in the presence of fuming nitric acid to afford compounds 16-18. The BOC groups of compounds 16-18 were removed by treatment with anhydrous hydrogen chloride in ethyl acetate to afford compounds MN-01-MN-03.
The syntheses of compounds MN-04-MN-06 are shown in Scheme 2. Compounds 1-3 were first brominated followed by hydrolysis to afford adamantanols 19-21. Compounds 19-21 underwent the Koch-Haaf reaction to afford compounds 22-24. The resulting compounds 22-24 were converted into compounds 25-27 via the Ritter reaction. Compounds 25-27 were treated with ethyl chloroformate and then reduced to afford compounds 28-30. Compounds MN-04-MN-06 were synthesized from compounds 28-30 using similar methods to those described for the synthesis of compound MN-01 from compound 10. Compounds MN-07-MN-09 and MN-11 were synthesized as illustrated in Scheme 3. Compounds 4-6 were reacted with substituted acrylates to give intermediates 37-40, which were then hydrolyzed to afford acids 41-44. The acids 41-44 were amidated and then reduced to give compounds 49-52. Compounds MN-07-MN-09 and MN-11 were prepared from compounds 49-52 using a similar method to that described for the synthesis of MN-01 from compound 10.
The synthesis of compound MN-10 is described in Scheme 4. Compound 5 was treated with isopropenyl acetate in the presence of AlBr 3 to afford compound 61, which was then reduced to afford compound 62. The alcohol 62 was esterified and then amidated to produce compound 64. The target compound MN-10 was prepared from compound 64 using a similar method to that described for the synthesis of MN-01 from compound 10.
The synthesis of compounds MN-12-MN-13 is shown in Scheme 5. Adamantane (67) was dibrominated and then hydrolyzed to afford 1,3-adamantandiol (69). Compound 69 underwent the Koch-Haaf reaction to afford 1,3-adamantanedicarboxylic acid (70). Compound 70 and 1,3-adamantanediacetic acid (71) were reduced to adamantandiols 72 and 73, which were then esterified to afford compounds 74-75. An acetamido group was introduced on compounds 74-75 via the Ritter reaction to produce compounds 76-77. Compounds MN-12-MN-13 were prepared from compounds 76-77 using a similar method to that described for the synthesis of compound MN-01 from compound 10.
Compound MN-15 was synthesized following the procedure illustrated in Scheme 6. 1,3-Dibromoadamantane (68) was treated with isopropenyl acetate in the presence of AlBr 3 to afford compound 82. Compound 82 was reduced to afford compound 83, which was then esterified and amidated to produce compound 85. The target compound MN-15 was prepared from compound 85 using a similar method to that described for the synthesis of MN-01 from compound 10.
The synthesis of compounds MN-14 and MN-16 is described in Scheme 7. Dibromoadamantane (68) was reacted with the corresponding acrylates to produce compounds 88 and 89. Compounds 88-89 underwent the Ritter reaction to produce compounds 90-91, which were then reduced to compounds 92-93. MN-14 and MN-16 were prepared from compounds 92-93 using a similar method to that described for the synthesis of MN-01 from compound 10.
Biological evaluations
The target compounds were first evaluated for their protective effects against glutamate-induced injury in primary cerebellar granule neurons (CGNs) using the MTT assay. Compounds with promising protective effects were then chosen for further evaluation.
Protective effects against glutamate induced neurotoxicity
An excessive amount of glutamate overstimulates the NMDA receptors and results in a cascade of cell damage. Increasing evidence demonstrates that memantine is effective in protecting neurons against glutamate insult. 26, 27 In this project, we first investigated the protective effects of the new memantine nitrates on a primary culture of CGNs. CGNs were treated with the compounds at specified concentrations for 2 h and were then exposed to glutamate (200 μM) for 24 h in the presence of the compounds. Cell viability was measured by the MTT assay. As shown in Fig. 2 , all the memantine nitrates showed moderate to strong protective effects against glutamate induced damage (F (69, 851) = 124.5; P < 0.001). Among these compounds, MN-02, MN-03, MN-05, MN-08, MN-12, MN-14 and MN-16 displayed stronger protective effects than the others, and they were active at a concentration of 1 μM, i.e. were as potent as the parent memantine. Moreover, compounds MN-02, MN-03, MN-05 and MN-12 had lower EC 50 values (the concentration that gives half the response of the maximum protection) than the others (Table 1 ). The other compounds showed moderate protective effects with an initial effective concentration of up to 10 μM. In addition, compounds MN-06-MN-11 and MN-13-MN-16 displayed cytotoxicity at a concentration of 100 μM. By comparing the structures and the activity of these compounds, we found that for substitution at the 3-position an ethyl group was superior to a methyl or propyl group. The binding interactions of memantine and the NMDA receptor revealed that the methyl groups of memantine bind to the hydrophobic pocket formed by the residues V644, A645, and V656 in NMDA subunit GluN1. 25 The mutation of A645 (Ala) to L645
(Leu) significantly reduced the affinity of memantine to the receptor, 25 which means that steric clash plays an important role in binding; however, the ethyl group is smaller than the propyl group. Thus, the compounds substituted with an ethyl group may be more potent than those with a methyl or propyl group. In addition, we found that the EC 50 values and cytotoxic effects were both increased upon lengthening the linker between the nitrate group and memantine moiety.
Vasodilating effects on aortic rings
Organic nitrates are characterized by their ability to dilate blood vessels via the release of NO. 28 In this work, we investigated the vasodilating activity of the new memantine nitrates on aortic rings pre-contracted with phenylephrine. Since compounds MN-02-MN-03, MN-05, MN-08, MN-12-MN-14 and MN-16 displayed stronger protective effects in cultured CGNs than the others, they were chosen for further evaluation in this vasodilation assay. To determine whether the vasodilating effect was endothelium dependent or not, investigations were conducted on aortic rings with or without the vascular endothelium (Fig. 3) . The maximum effect (E max ) and EC 50 of the compounds are listed in Table 2 . As illustrated in Fig. 3A, compounds MN-02 and MN-03 showed weak activity for the dilation of blood vessels without endothelium, with an E max 42.03 ± 3.70 and 61.68 ± 1.63 μM ( 
MN-05 protected cortical neurons against glutamate induced injury
Since compound MN-05 showed better properties for protecting CGNs against glutamate insult and dilating blood vessels, it was chosen for further investigation. Its neuroprotective effect was further investigated with primary cortical neurons by the MTT assay, and fluorescein diacetate (FDA) and propidium iodide (PI) double-staining. The parent memantine was used as a positive control. Since the plasma concentration of memantine in patients is 1-10 μM, the memantine concentration used in the present experiment was 5 μM. As shown in Fig. 4 , cell viability was decreased significantly in the glutamate alone-treated group compared with that of the control group. In contrast, MN-05 treatment significantly protected cortical neurons against glutamate insult at concentrations ranging from 5-45 μM in a concentration-dependent manner (Fig. 4 , F (5, 61) = 34.87; P < 0.001). FAD/PI double-staining can distinguish living (green) and dead (red) cells (Fig. 5A) . The results shown in Fig. 5B demonstrated that the percentage of living cells (green) was decreased markedly in the glutamate alone-treated group compared with the control group. MN-05 treatment improved neuronal viability concentration-dependently. MN-05 is not as potent as the parent memantine at an equimolar concentration. This result was consistent with that seen in the glutamate induced CGN injury assay. Since the neuroprotective effect against glutamate-induced neuronal damage is attributed to NMDA receptor inhibition, we think that MN-05 is less potent than memantine for NMDA receptor inhibition. However, the nitrate group provides MN-05 with a new function, that is, the release of NO to dilate blood vessels in vivo.
Thus the effects of MN-05 and memantine deserve to be further compared in an in vivo model.
MN-05 blocked Ca 2+ influx induced by glutamate
Overstimulation of NMDA receptors results in an excessive amount of calcium influx and subsequently leads to the initiation of a cell damage cascade. 29, 30 Compelling evidence demonstrates that memantine binds to the NMDA receptor, blocks the Ca 2+ influx, and thus affords neuroprotective effects. We next investigated the effect of memantine derivative Fig. 4 Protective effects against cortical neuron damage induced by glutamate. Rat primary cortical neurons were treated with the drug for 2 h, and then exposed to 200 μM glutamate for another 24 h without removal of the compound. Cell viability was tested using the MTT assay. ### P < 0.001 versus the control (Ctrl) group; * P < 0.05, ** P < 0.01 and *** P < 0.001 versus the glutamate (Glu) group.
MN-05 on intracellular Ca
2+ levels (F (3, 136) = 19.98; P < 0.001). As shown in Fig. 6 , glutamate triggered a significant increase in intracellular Ca 2+ . In contrast, MN-05 treatment markedly inhibited the elevation of intracellular Ca 2+ at a concentration of 15 μM. Consistent with the neuroprotection effect in vitro, the intracellular Ca 2+ blockage effect of MN-05
was not as potent as that of memantine at an equal concentration, indicating that MN-05 was weaker than memantine at inhibiting NMDA receptor activity. The weaker activity of MN-05 for the inhibition of NMDA receptors may be attributed to its lower affinity for NMDA receptors.
MN-05 inhibited the production of reactive oxygen/nitrogen species induced by glutamate
Overstimulated NMDA receptors mediate Ca 2+ influx and trigger an overproduction of reactive species, including reactive oxygen species (ROS) and reactive nitrogen species (RNS). Experimental studies demonstrate that NMDA receptor blockade results in a decrease in free radical production. 31 To further characterize the neuroprotective effects of MN-05 against neurotoxicity induced by glutamate, the inhibitory effects of MN-05 on ROS and RNS production were evaluated. As shown in Fig. 7, MN- = 24.44; P < 0.001), in a concentration-dependent manner. Consistently, the parent memantine was more effective at inhibiting the production of ROS and RNS.
MN-05 decreased the reduction of the mitochondrial membrane potential
Mitochondrial dysfunction results in an abnormal production of free radicals. The mitochondrial membrane potential (Δψ m ) plays an important role in maintaining mitochondrial physiological function and the reduction of Δψ m is an early event in the cell apoptotic process. 32 To evaluate the mitochondrial protection of MN-05, its effect on the glutamateinduced reduction of Δψ m was investigated. Cortical neurons were incubated with MN-05 or memantine at the indicated concentrations for 2 h, followed by exposure to 200 μM glutamate for another 12 h in the presence of the compound. The reduction of Δψ m was measured using fluorescence dye JC-1. As illustrated in Fig. 8 , glutamate induced a significant reduction of Δψ m compared with the control group. In contrast, MN-05 significantly inhibited the reduction of Δψ m at concentrations ranging from 5-45 μM (F (5, 84) = 94.37; P < 0.001), suggesting that MN-05 was effective in preserving mitochondrial function. Consistently, memantine also showed stronger activity than MN-05 for the inhibition of the reduction of Δψ m at a concentration of 5 μM.
Compelling evidence suggests that the inhibition of NMDA receptors affords therapeutic benefits in the treatment of CNS disorders. 4, 33 Researchers have discovered a number of NMDA receptor antagonists with neuroprotective effects since the 1980s. However, few of them have succeeded in patients. 3 For example MK-801 and phencyclidine, because of their excessively high affinity for NMDA receptors, affect the normal physiological functions of NMDA receptors. 34 Memantine is an uncompetitive NMDA receptor blocker with low affinity and fast receptor kinetics. [8] [9] [10] At low micromolar concentrations (1-10 μM), memantine is quite specific for the NMDA receptor compared to other ligand-gated and voltage-gated channels. The clinically achievable plasma concentration of memantine (1-10 μM) does not attenuate longterm potentiation in hippocampal slices and affect the NMDA component of excitatory postsynaptic currents. 35 Therefore, memantine is clinically well tolerated. 13 In cultured neurons, MN-05 significantly protected the neurons from glutamate insults at a low concentration, but the inhibitory effects of MN-05 on neuronal damage, intracellular calcium influx and ROS/RNS overproduction were not as potent as those of memantine, suggesting that MN-05 may be effective in neuroprotection with fewer side effects (such as cognitive disruption and psychotic-spectrum reactions) than memantine.
NO has great activity in the cardio-cerebrovascular system, where it regulates cerebral circulation and promotes angiogenesis. 36, 37 A variety of structurally different NO donors have been shown to reduce oxidative stress/inflammation, and increase blood supply. 17 The traditional organic nitrates often cause hypotension as a side effect due to the systematic release of NO, which limits their use as neuroprotectants. However, memantine nitrates achieved the targeted release of NO in brain tissue since they have quick distribution to brain tissue (data not shown) and preferentially bind to NMDA receptors after administration. The targeted released NO reacts with a thiol residue of cysteine (S-nitrosylation) on NMDA receptors to achieve the inhibition of NMDA receptors. In another way, the targeted release of NO can selectively dilate brain vessels and increases CBF, which is important since some neurodegenerative disorders are characterized by decreased CBF due to vessel spasm. MN-05 significantly dilated aortic rings in vitro and increased the CBF in vivo (data not shown), however, there are no reports that memantine has this effect on contracted blood vessels. Taken together, MN-05 may be more effective and tolerable than memantine, providing greater therapeutic potential for the treatment of neurodegenerative diseases. The comprehensive comparison of MN-05 and memantine deserves an in-depth in vivo study. . Cortical neurons were treated with MN-05 or memantine at the indicated concentrations for 2 h, followed by exposure to 200 μM glutamate for 12 h without removal of the compound. The cells were washed with JC-1 buffer and stained with 2 μM JC-1 for 20 min. We removed the supernatant and washed the cells with JC-1 buffer three times, and then added 100 μL of HBSS solution to each well. The fluorescence intensity was measured on a microplate reader with 488 nm excitation and 529 nm/590 nm dual emission. ### P < 0.001 versus the control (Ctrl) group, *** P < 0.001 versus the glutamate (Glu) group.
